Abstract-Nitroaromatic compounds are produced and used in large quantities worldwide and are frequently detected contaminants in the environment. Sorption is one of the fundamental processes controlling the transport and availability of nitroaromatics, but previous studies have focused mainly on sorption to model clay minerals, whereas little attention has been paid to the sorptive interactions with natural soils. Findings in this study show that soil organic matter (SOM) was the predominant soil component controlling sorption of 2,4-dinitrotoluene and nitrobenzene to three typical Chinese soils, and sorption to clay minerals was much less important. The weak sorption to clay minerals was due to the type of exchangeable cations of the soils, and after saturating the soil clay minerals with K ϩ and Cs ϩ , sorption to clay minerals increased significantly. Compared with the apolar phenanthrene, 2,4-dinitrotoluene and nitrobenzene exhibited much higher nonhydrophobic affinity to SOM, likely because of the -electron donor-acceptor interaction between the nitroaromatic molecules and the aromatic structure of the SOM. Moreover, the polarity and aromaticity of SOM might also have important effects on sorption of nitroaromatics. Sorption of nitroaromatics to natural soils appears to be more complicated than sorption of apolar hydrophobic organic compounds, and this complexity should be taken into account in environmental management such as risk calculation and transport modeling.
INTRODUCTION
Nitroaromatic compounds are produced and used in large quantity worldwide as explosives, pesticides, solvents, and intermediates in the synthesis of dyes and other chemicals [1, 2] . Consequently, nitroaromatics are frequently detected contaminants in soils, sediments, surface water, and groundwater [3] . Nitroaromatics can pose significant ecological and human health risks [4, 5] , and understanding their environmental processes is critical for environmental management and risk reduction of these contaminants.
In natural environments, sorption is a fundamental process controlling the transport, availability, and risks of organic contaminants. Numerous studies have shown that for apolar hydrophobic organic compounds such as polycyclic aromatic hydrocarbons (PAHs) and chlorinated benzenes, soil organic matter (SOM) is the most predominant soil component controlling sorption, and sorption affinity often correlates well with soil fractional organic carbon ( f OC ) [6] [7] [8] [9] [10] . For the highly polar nitroaromatics, however, literature studies have focused primarily on the roles of clay minerals [11] [12] [13] [14] [15] [16] [17] [18] [19] . In most of the literature studies, researchers used model sorbents (e.g., expandable smectites) to explore the mechanisms controlling the nitroaromatic-clay mineral interactions. It has been reported that many nitroaromatic compounds might sorb strongly to clay minerals, but sorption affinity was highly dependent on the type of the clays, the type of exchangeable cations associated with the clay, and the number of nitro groups [11] [12] [13] . For example, it has been reported that nitroaromatics can sorb strongly to K ϩ -saturated smectites, because the nitro groups can effectively form complexes with the weakly hydrated exchangeable cation K ϩ [12] [13] [14] . It is necessary to note that natural soils are highly heterogeneous and contain many different components, and expandable smectites, which are used as the sorbent in most nitroaromatic-related studies and potentially the most adsorptive mineral component, compose only a small fraction of soil minerals [15] . Additionally, K ϩ is often not the dominant exchangeable cation, in that many soil clays are dominated by Ca 2ϩ as the exchangeable cation that inhibits the sorption of nitroaromatics to clays [14, 15] . Moreover, it has been reported that the overall sorption to soils can be significantly different from that estimated from the sorption to individual soil components [16] [17] [18] . For example, SOM in natural soils can block a significant portion of clay mineral surfaces and thus inhibits the sorption of nitroaromatics by clay minerals [16, 17, 19] . Furthermore, results from several studies indicate that even though clay minerals are effective sorbents to nitroaromatics, for natural soils, the contribution of SOM might still be more predominant [20] [21] [22] .
Thus far, sorption of nitroaromatics to natural soils has not been evaluated systematically. In particular, the relative contributions of clay minerals and SOM to sorption, as well as the nature of nitroaromatic-SOM interactions need to be further investigated. For example, in our previous studies, we found that sorbents composed of a highly aromatic network (e.g., environmental black carbon) exhibited strikingly strong adsorption of nitroaromatics because of the -electron donor-acceptor (EDA) interactions between nitroaromatics and graphene sheets of the sorbents [23, 24] . For natural soils or sediments, such specific sorptive interactions may overwhelm the sorption to clay minerals and significantly alter the sorption D. Zhang et al. (and in turn the fate and availability) of nitroaromatics in natural environments.
In this study, sorption of 2,4-dinitrotoluene, nitrobenzene, and phenanthrene to three typical Chinese soils was evaluated. Phenanthrene, which does not contain the nitro group, was used as a model sorbate to compare with the two nitroaromatics. One of the soils was treated with hydroxide to remove organic matter, and a portion of this treated soil was further treated by ion exchange with K ϩ and Cs ϩ . Sorption isotherms of all three compounds to the three original soils and three treated soils were obtained. The relative contributions of SOM and clay minerals to sorption were compared, and the sorption mechanisms were evaluated. The implications for the management of nitroaromatic-contaminated sites are discussed.
MATERIALS AND METHODS

Materials
Three typical Chinese soils-black soil (soil A), meadow soil (soil B), and coastal solonchak (soil C)-were used as the sorbents. Soil collected from the surface layer (10-20 cm) was air-dried at room temperature, ground, and sieved through a 1-mm mesh. A portion of soil A was treated with 30% H 2 O 2 to remove SOM [25] . First, 500 g of soils was mixed with 500 ml of 30% H 2 O 2 by periodical stirring until bubbling ceased. Then, the suspension was heated in a water bath at 50ЊC until bubbling once again ceased. A total of three H 2 O 2 treatments were done. Finally, the soil slurry was washed three times with distilled water, centrifuged, freeze-dried, and stored at room temperature for future use. A portion of H 2 O 2 -treated soil was further treated by saturating with K ϩ or Cs ϩ . First, 100 g of soil was mixed with 200 ml of 0.1 M KCl or CsCl solution in a 250-ml centrifuge bottle for 24 h, and the procedure was repeated two more times. Afterwards, the soils were washed with deionized water and centrifuged, and the supernatant was withdrawn and titrated with AgNO 3 . This procedure was repeated until Cl Ϫ could not be detected. The soils were then centrifuged, freeze-dried, and stored at room temperature. Selected properties of the original and treated soils are given in Table 1 .
Nitrobenzene, 2,4-dinitrotoluene and phenanthrene were obtained from AccuStandard. Selected physicochemical properties of the three chemicals are listed in Table 2 . Aqueous solutions were prepared in deionized water and contained 0.01 M CaCl 2 , 0.01 M NaCl, and 0.01 M NaN 3 (used as the inhibitor for bacterial growth). For sorption experiments with sorbents saturated with K ϩ or Cs ϩ , the electrolyte solution was 0.01 M KCl or CsCl solution.
Sorption experiments
Sorption experiments were carried out in 40-ml brown glass vials with Teflon-lined screw caps (Fisher Scientific) with the use of previously developed procedures [26] . Duplicate samples were done for each sorbate-soil combination. The experimental setups are summarized in Table 2 . In a typical sorption experiment, approximately 1 to 7 g of soil was added to a vial, and approximately 40 ml of electrolyte solution was added. Then, stock solution of a sorbate (in methanol) was added to the vial with a microsyringe, and the volume percentage of the methanol stock solution was kept below 0.1% to minimize cosolvent effects. The vial was then filled with electrolyte solution to leave minimal head space and was mixed end-over-end at 3 rpm with a tumbler at room temperature for 7 to 15 d (the time required to reach sorption equilibrium was predetermined). Afterwards, the vials were centrifuged at 3,000 g for 30 min, and the supernatant was withdrawn to analyze the aqueous phase concentration. The sorbed mass at each equilibrium concentration was calculated from the measured concentration in the solution based on mass balance.
Analytical methods
Surface area and pore size distribution were determined by nitrogen adsorption-desorption with a Micromeritics ASAP2010 Accelerated Surface Area and Porosimetry System. Soil black carbon (BC) content was determined with a method developed by Lim and Cachier [27] . Briefly, soil samples were first treated with HCl/HF acid to remove carbonates and silicates and then combusted at 375ЊC for 24 h to remove non-BC organic matter. Afterwards, the samples were analyzed with an Elementar Vario MICRO Cube (Elementar Analysensysteme) to determine carbon content. Hydrogen and nitrogen content were determined simultaneously.
Nitrobenzene and 2,4-dinitrotoluene were analyzed with an Agilent 6890N gas chromatography equipped with an electron capture detector (Agilent Technologies) and an HP-5 capillary column (30 m ϫ 0.32 mm ϫ 0.25 m). Phenanthrene was analyzed with a Waters 1100 high-performance liquid chromatography (HPLC) equipped with a Waters 2475 fluorescence detector, a binary HPLC pump 1525 (Waters), and a symmetry reversed-phase C18 column (4.6 ϫ 150 mm).
RESULTS AND DISCUSSION
Sorption isotherms
The sorption results of the three compounds to the original soils and the treated soils are summarized in Table 2 . The Table 2 . Summary of sorbate properties (water solubility C sat , n-octanol-water partition coefficient K OW , and n-hexadecane-water partition coefficient K HW ) and Freundlich model coefficients (K F and n) obtained from sorption results. Soil A ϭ black soil, soil B ϭ meadow soil, and soil C ϭ coastal solonchak sorption data were fitted with the Freundlich isotherm: q ϭ where q (mmol/kg) and C W (mmol/L) are equilibrium
concentrations of a compound in the soil and in the aqueous solution, respectively; K F (mmol 1Ϫn L n /kg) is the Freundlich affinity coefficient; and n (unitless) is the Freundlich linearity index. Note that K F is equivalent to the linear soil-water distribution coefficient K d (defined as q/C W ) when n ϭ 1. For relatively low-solubility chemicals (such as the three chemicals herein) in which the aqueous phase activity coefficient is approximately constant, n reflects the degree of heterogeneity in sorption sites that exhibit different sorptive affinities (or sorption free energy) [28] . In general, the Freundlich isotherm provided good fits to the data. Table 2 shows that sorption of phenanthrene to the three original soils was linear (soil A) or close to linear (soils B and C), but sorption linearity decreased with removal of SOM and cation exchange treatments. Sorption of the two nitroaromatics to all six soils was highly nonlinear, with n values ranging from 0.39 to 0.75. Interestingly, for both nitroaromatics, the n value associated with soil A (the soil with the highest f OC ) was the lowest, whereas the n value of phenanthrene on soil A was equal to unity. Thus, the significant difference in sorption isotherm linearity between nitroaromatics and phenanthrene indicates that sorption of the highly polar nitroaromatics and sorption of the apolar phenanthrene to SOM were controlled by very different mechanisms. Figure 1 compares the sorption isotherms of a given compound to three different soils (soils A-C). For all three compounds, sorption affinity to the three original soils followed the order of soil A Ͼ soil B Ͼ soil C. However, the relative positions of the sorption isotherms associated with the three soils varied among the chemicals. For 2,4-dinitrotoluene, sorption to soil A was much stronger than to soils B and C, and sorption to soil B was only slightly stronger than to soil C. Nitrobenzene followed a similar trend. For phenanthrene, sorption to soil A was only slightly stronger than to soil B, but sorption to soil C was considerably weaker compared with the sorption to the other two soils. The f OC values, clay content, and surface areas of the three soils all follow the order of soil A Ͼ soil B Ͼ soil C. Thus, on the basis of these sorption isotherms, it is unclear what soil property had the predominant effect on sorption affinity.
To better illustrate the effects of f OC , clay content, and surface area on overall sorption, the sorption isotherm plots were modified by normalizing the q values with f OC , clay content, and surface area, respectively. After normalizing the q values with f OC (Fig. 2) , the sorption isotherms of phenanthrene on soils A and B overlapped, and even though the sorption isotherm on soil C did not overlap with the other two isotherms, the difference was much smaller compared with the isotherms shown in Figure 1 (without normalizing the q values with f OC ). The weaker sorption to soil C might have been related to the smaller specific surface area of soil C compared with soils A and B or to other factors such as variability in their SOM characteristics. However, a different pattern was observed for both 2,4-dinitrotoluene and nitrobenzene: normalizing the q values with f OC caused the isotherms of soils B and C to overlap, whereas the sorption isotherm of soil A is still displaced upward. Normalizing the q values with clay content or surface area generated very similar results (figures not shown). Although such direct comparisons of the sorption affinities cannot clearly distinguish the roles of different soil components (or soil properties) in sorption, the observations mentioned above seem to indicate that both the sorbate polarity (as shown by the remarkable differences between nitroaromatics and phenanthrene) and soil properties are very important factors controlling the nature of nitroaromatic-soil interactions.
Sorption affinity to SOM and clay minerals
To distinguish the relative contributions of SOM and clay minerals to overall sorption, the sorption isotherm of soil A and the isotherm of H 2 O 2 -treated soil A (soil A-T) were compared for each of the three compounds (Fig. 3) . H 2 O 2 treatment was able to remove most of the SOM from the soil; as shown in Table 1 treated soil. Figure 3 shows that for all three compounds, sorption to the untreated soil was much stronger than sorption to the H 2 O 2 -treated soil; at a given solution phase concentration C W , the sorbed phase concentration in soil A was generally at least an order of magnitude greater compared with the sorbed phase concentration in soil A-T. This clearly indicates that for all three compounds, SOM was the predominant soil component contributing to the overall sorption, and the contri- bution of the clay minerals was much less important. In addition, Figure 3 shows that the reduced sorption caused by the removal of SOM was even greater for the two nitroaromatics (especially in the low concentration ranges).
Intuitively, the surprisingly low affinity of nitroaromatics to clay minerals seemed to contradict the literature studies because it is often expected that for very low f OC soil (such as soil A-T, with a f OC value of 0.27%), sorption of nitroaromatics to clay minerals should be strong. For example, Charles et al. [17, 19] reported that SOM removal increased the sorption of p-nitrocyanobenzene and 1,4-dinitrobenzene to smectiteabundant soils saturated with K ϩ . Thus, to further understand the nitroaromatic-clay interactions, the H 2 O 2 -treated soil A (soil A-T) was further modified by saturating soil samples with K ϩ or Cs ϩ solutions (these two modified soil samples are referred to as soil A-T-K and soil A-T-Cs). Figure 3 compares the sorption isotherms of a given compound to soil A-T, soil A-T-K, and soil A-T-Cs. It is evident that for phenanthrene, sorption affinity to the three soils undergoing different treatments was similar. For nitrobenzene, the isotherms of soil A-T-K and soil A-T-Cs were displaced slightly upward compared to the isotherm of soil A-T. However, sorption of 2,4-dinitrotoluene to soil A-T-K and soil A-T-Cs was approximately one order of magnitude stronger than sorption to soil A-T, and the enhanced sorption was even more significant for soil A-T-Cs. These results are consistent with the literature findings. It was reported that sorption of nitroaromatics to clay minerals increased with the decrease of hydration energy of the exchangeable cations and the number of nitro groups, and sorption of nitroaromatics to clays was much stronger when the exchangeable cations of the clays were K ϩ or Cs ϩ , compared with Na ϩ , Ca 2ϩ , Mg 2ϩ , or Al 3ϩ [11] [12] [13] . Thus, the apparent low contribution of clay minerals to overall sorption of nitroaromatics in soil A relative to soils A-T-K and A-T-Cs was related to the type of exchangeable cation in the respective soils.
Mechanisms controlling nitroaromatic-SOM interactions
In Figure 4 , sorption affinities of the three compounds to each of the three original soils (soils A-C) are compared. The figure shows that sorption affinity of different compounds correlates poorly with the hydrophobicity of the compounds. For example, although phenanthrene is much more hydrophobic than the two nitroaromatics (see the octanol-water partition coefficient, K OW , and solubility values in Table 2 ), the sorbed phase concentrations of the three chemicals in soil A are similar, in the vicinity of C W ϭ 0.001 mmol/L. These results-as well as the high nonlinearity of the nitroaromatic isotherms mentioned earlier-indicate that nonhydrophobic forces between nitroaromatics and SOM were a strong factor contributing to sorption.
The magnitude of nonhydrophobic interactions between the two nitroaromatics and SOM can be better understood with Figure 5 , wherein modified sorption isotherms are plotted following an approach proposed by Borisover and Graber [29] . In Figure 5 , the observed q values are plotted with a normalized concentration, C H (mmol/L), which represents the concentration of a sorbate in n-hexadecane that would be in equilibrium with the observed aqueous concentration (C W ) (i.e., C H ϭ C W · K HW ); K HW is the n-hexadecane-water partition coefficient for a chemical (the K HW values of the three compounds are summarized in Table 2 ). Borisover and Graber [29] argued that the interaction between organic sorbates and SOM is often complicated by sorbate interactions in the bulk aqueous phase and that applying the same inert reference medium for all sorbates can more clearly illustrate nonhydrophobic interac- tions of sorbates of different physicochemical properties with a certain sorbent (soil). This hypothesis is reasonable because n-hexadecane is an inert solvent dictated by the methylene structure and is incapable of interactions such as H bonding, polar interaction, electron donor-acceptor interaction, etc. Thus, when using n-hexadecane as the reference solvent, the free energy change in sorption due to solvent-related effects can be eliminated, therefore isolating direct interactions between sorbates and sorbents. Figure 5 shows that for the three compounds, the magnitude of nonhydrophobic sorbate-SOM interactions clearly followed the order of 2,4-dinitrotoluene Ͼ nitrobenzene k phenanthrene. We propose that the strong nonhydrophobic sorptive interaction between nitroaromatics and SOM primarily was due to the -EDA interaction. Nitroaromatics are strong acceptors, in that the strong electron-withdrawing nitro group can decrease the electron density of the benzene ring(s) of nitroaromatics, causing the benzene ring(s) to be electron depleted. Several literature studies have proposed that nitroaromatics can undergo strong EDA interactions with soil clay minerals [30, 31] . In our previous studies [23, 24] , we have used the -EDA interaction to interpret the strong nonhydrophobic interactions between nitroaromatics and carbonaceous materials (black carbon, carbon nanotubes, and graphite). We proposed that the electron-depleted rings of nitroaromatics could undergo -EDA interaction with the electron-rich regions of the carbonaceous materials. Structurally, SOM is abundant in aromatic rings, and it is likely that nitroaromatics (as electron acceptors) can undergo similar -EDA interaction with the electron-rich aromatic structures of the SOM, even though for SOM the -EDA interaction would not be as strong as for carbonaceous materials. The observed nonhydrophobic interaction that is stronger with 2,4-dinitrotoluene than with nitrobenzene was also consistent with the -EDA mechanism because 2,4-dinitrotoluene contains two nitro groups (as opposed to the one nitro group of nitrobenzene), causing the benzene ring to be more electron-depleted. Note that none of the three soils contained very high amounts of black carbon (Table 1) ; thus, the -EDA interaction might have mainly been between nitroaromatics and the aromatic structures of SOM.
Although chemical properties appear to be the primary cause for the unique sorption characteristics of the nitroaromatics observed herein, properties of SOM can also be important factors. For example, Figure 2 shows that, compared with soils B and C, soil A has considerably higher affinity to the two nitroaromatics; note that much smaller differences were observed among the three soils for phenanthrene. Figure  3 shows that the isotherms of phenanthrene on untreated and treated soils are nearly parallel on the logarithmic scale, whereas the isotherms of both nitroaromatics are not (i.e., for the two nitroaromatics, n values changed considerably before and after treatment with H 2 O 2 ). These observations seem to indicate that changes of soil properties had larger effects on sorption of nitroaromatics, compared with sorption of apolar aromatics. It has been proposed that specific components or properties of SOM can affect both the sorption affinity and sorption linearity of organic compounds [6, 10, 32, 33] . For example, Chiou et al. [33] suggested that some highly active sites of SOM might exhibit specific interactions toward polar sorbates. Their findings seem to be consistent with the findings in this study and are also in line with the -EDA interaction mechanism. The proposed highly active sites of SOM are likely related to the highly aromatic and polar structures of SOM, which could interact with nitroaromatic molecules strongly via the -EDA interaction. However, further research is needed to verify this hypothesis.
Implications for risk and soil quality criteria calculations
Nitroaromatics are typical environmental pollutants and pose serious ecological and human health effects. Even though sorption is probably the most fundamental process controlling the transport, availability, and risk of nitroaromatics in soil and aquatic environments, nitroaromatic-soil interactions are not fully understood. Findings in this study and related work indicate that, compared with apolar compounds such as PAHs, nitroaromatics often exhibit more complex sorption behaviors. Although literature studies have focused primarily on nitroaromatic-clay interactions, the contribution of SOM to the sorption of nitroaromatics cannot be ignored; findings of this study certainly show that SOM can be a predominant soil component for sorption. Furthermore, sorption affinity of nitroaromatics is highly dependent on the nature of both SOM and soil clay minerals. These unique characteristics of the sorption of nitroaromatics to natural soils should be accounted for in environmental management and risk assessment.
Accurate sorption models are required in risk calculation, soil remedial design and development of soil quality criteria. Thus far, most countries use a very simplified sorption model (i.e., the linear sorption model) in risk and soil quality criteria calculations for organic compounds. The linear model assumes that sorbed concentration (q) and aqueous phase concentration (C W ) can be related with a simple linear correlation: q ϭ (K OC · f OC )C W , where K OC is the organic carbon partition coefficient, often estimated from K OW on the basis of linear freeenergy correlation [28] . Findings in this study show that this simplified approach can be problematic for nitroaromatics: sorption of nitroaromatics is often highly nonlinear, and depending on the origin and properties of both SOM and soil clay minerals, sorption affinity of nitroaromatics can vary considerably. Thus, more accurate sorption models are much needed to quantify sorption of nitroaromatics in natural environments.
